Yucca Mountain, Nevada, is currently being investigated to determine its suitability to host our nation's first geologic high-level nuclear waste repository. As part of an effort to determine how radionuclides will interact with rocks at Yucca Mountain, the Isotope and Nuclear Chemistry (INC) Division of Los Alamos National Laboratory has conducted numerous batch sorption experiments using core samples from Yucca Mountain. In order to understand better the interaction between the rocks and radionuclides, we have analyzed the samples used by INC with quantitative x-ray diffraction methods. Our analytical methods accurately determine the presence or absence of major phases, but we have not identified phases present below 1 wt%. These results should aid in understanding and predicting the potential interactions between radionuclides and the rocks at Yucca Mountain, although the mineralogic complexity of the samples and the lack of information on trace phases suggest that pure mineral studies may be necessary for a more complete understanding.
INTRODUCTION
The Isotope and Nuclear Chemistry (ING) Division of Los Alamos National Laboratory has conducted batch sorption experiments on Yucca Mountain cere samples to determine how the natural samples interact with radionuclides. The radionuclides chosen for study were americium, cesium, neptunium, plutonium, thorium, uranium, strontium, technetium, tin, barium, radium, 1 cerium, europium, and selenium (Thomas 1987) . To provide a basis for understanding the relationship between sorption of radionuclides and mineralogy, we have conducted quantitative xray diffraction (QXRD) analysis to determine the mineralogy of the INC samples.
The studies of Yucca Mountain and the surrounding area are part of the Yucca Mountain Project (YMP), directed by the Yucca Mountain Project Office of the U.S. Department of Energy, Nevada Operations Office.
II. EXPERIMENTAL TECHNIQUES
The volcanic rocks at Yucca Mountain commonly have a fine-grained groundmass that is not amenable to quantitative mineral analysis by optical petrographic techniques. Therefore, the quantitative mineralogic data presented in this report were obtained solely by x-ray powder diffractometer techniques.
The samples examined here, from drill holes J-13, UE-25a#1, USW G-1, G-2, G-3, GU-3, and G-4, (Fig. 1) are splits of the materials used in the INC batch sorption experiments. They were received from INC in bottles labeled with the sample number, the size fraction of the sample, and any additional information on its preparation. INC obtained the samples as drill core and ground them in an automated agate ball mill. Size fractions were produced by dry sieving the ground powder through ASTM sieves. The few samples that were wet sieved are labeled as such in Appendix I. Several samples were washed after sieving using de-ionized or J-13 water to remove any fine material that did not sieve out. Daniels et al. (1982) found that the fine materir! had an effect on sorption results for some radionuclides, possibly due to the high cation exchange capacity of fine-grained smectite.
Typically, we mixed a small portion of each sample (~0.8 g) with 1.0-^im corundum (AI2O3) internal standard in the ratio 80% sample to 20% corundum. Each sample was then ground under acetone in an automatic Brinkmann Micro-Rapid mill (fitted with an agate mortar and pestle) for a time greater than 10 minutes. This produced a sample with an average particle size of less than 5 u.m and ensured thorough mixing of sample and internal standard. The fine particle size is necessary to ensure adequate particle statistics and to reduce primary extinction and other sample-related effects (Klug and Alexander 1974) . To confirm the adequacy of our grinding times and techniquej, the particle size distributions of several samples were measured using a Horiba CAPA-500 automatic particle size distribution analyzer. All diffraction patterns were obtained on an automated Siemens D-500 diffractometer using copper-Ka radiation, a diffracted-beam monochromator, and pulse-height analysis. Data were collected automatically in the step-scan mode with a step size of 0.02° 26 and count times of at least 2.0 s per step. Data were normally collected from 2.0 to 50.0° 26. Mineral identification was accomplished by comparing observed patterns with patterns of pure standards, published patterns from the Joint Committee on Powder Diffraction Standards (JCPDS 1986), or calculated mineral patterns obtained from the program POWD10 (Smith et al. 1982 ).
III. QUANTITATIVE ANALYSIS
All quantitative analyses for this report employed the internal standard or "matrix-flushing" method of Chung (1974) using synthetic 1.0-nm corundum as the internal standard. This method requires that reference intensity ratios (RIRs) be determined before sample analysis. It is important to note that the methods of data collection and analysis used for these samples are not conducive to identifying phases present below ~1 wt%, and potentially important trace phases may be present in the Yucca Mountain rocks. Analysis for such trace phases requires either special data collection techniques or concentration by magnetic or heavy-liquid methods. Chipera and Bish (1988) compensated for the variable RIR in drill hole UE25p#1 by separating the clays at intervals down the drill hole and measuring RIRs on each of the separates to determine the appropriate RIR for the I/S at a certain interval. In this report, we compensated for the variable RIR of I/S in the deeper l/S-containing samples (JA-37, G1-3658, and G2-3933) by using the measured RIR from an I/S separated from USW G-1 at a depth of 3490 feet.
Our methods of quantitative analysis are identical to the methods outlined in Bish and Chipera (1986) , and Bish and Chipera (1988) , and the errors presented are 2-sigma. The quantitative x-ray diffraction analysis computer program QUANT5.01 was used to reduce the data. This is a developmental code currently undergoing verification/validation in accordance with the YMP regulations applicable to computer software. 75-500 (xm wet sieved). Results for these samples are also in excellent agreement with each other, demonstrating the reproduc.'oility of our methods.
In general, sieving the samples into several size fractions did not have a significant effect on the relative amounts of individual minerals. Smectite abundance is slightly greater in the finer size fractions, as is zeolite abundance. This is expected since clays are very fine grained and zeolites are soft minerals susceptible to mechanical disintegration. Removal of fine-grained material from a sample by washing was readily apparent in samples that had abundant clay or zeolite.
V. DISCUSSION
The effects of mineralogy on the batch sorption experiments have been discussed by Daniels et al. (1982) , Bish et al. (1984) , and Thomas (1987) . Minerals such as zeolites and clays have high cation-exchange capacities and interact strongly with simple cations such as cesium, strontium, and barium. Thus, zeolitic and clay-rich tuffs generally have high sorption ratios for these cations. In addition, sorption of cerium and europium was greater in zeoiitized and clay-rich samples. Selenium, neptunium, uranium, and plutonium showed slightly higher sorption in zeoiitized samples although there are no trends with the degree of zeolitization. Technetium, americium, and thorium showed no correlation with mineralogy. Surface sorption can be important for minerals with high surface areas and depends on a mineral's zero-point-of-charge and the pH of the system. Redox conditions can greatly affect sorption of some radionuclides, especially the actinides, and can significantly alter the solubility of some elements. In particular, phases such as iron and manganese oxides can interact strongly with redox-sensitive species. Daniels et al. (1982) found that technetium in a nitrogen atmosphere was sorbed significantly more than in an air (oxidizing) atmosphere. There is also some evidence to suggest that migration of some radionuclides may be retarded in rocks containing carbonate minerals, perhaps due to precipitation.
To approximate the effects that individual minerals in the Yucca Mountain tuff samples have on sorption of the various radionuclides, a comprehensive statistical analysis of the mineralogic and sorption data will have to be conducted. It is also possible that sorption of many radionuclides is controlled by trace phases such as iron or manganese oxides, phases which we usually do not detect. Therefore, to determine unequivocally the effects cf an individual mineral on sorption, sorption experiments should be conducted on purified mineral separates of the phases found in the Yucca Mountain tuffs. Even with purified samples, the possibility exists for sorption of some radionuclides to be controlled by trace phases that have not been completely removed in the purification process.
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